Femtosecond pump-probe spectroscopy is applied to identify transient optical signatures of phase transitions in nearly optimally doped YBa 2 Cu 3 O 7Àd films. To elucidate the dynamics of superconducting and pseudogap phases, the slow thermal component is removed from the timedomain traces of photo-induced reflectivity in a high-flux regime with low frequency pulse rate. The rescaled data exhibit distinct signatures of the phase separation with abrupt changes at the onsets of T SC and T PG in excellent agreement with the transport data. Compared to the superconducting phase, the response of the pseudogap phase is characterized by the strongly reduced reflectivity change accompanied by a faster recovery time. V C 2013 American Institute of Physics. [http://dx
I. INTRODUCTION
The interactions of fermionic quasi-particles (QPs) with bosonic excitations are fundamental for description of high temperature superconducting (SC) phase including competing electronic and magnetic phases in cuprates. 1, 2 In the past, the experiments that probe the electronic properties at equilibrium have provided strong evidence for the coupling between QPs and bosonic excitations linked to lattice phonon modes and spin degrees of freedom. 1, 2 Time-resolved spectroscopy with ultrafast temporal resolution is a complementary tool to investigate the temporal evolution of the QPbosonic degrees of freedom [3] [4] [5] [6] [7] [8] that is capable to disentangle the contribution of bosonic excitations from the dynamics viewpoint. 6 Based on this observation, the non-equilibrium optical spectroscopy has been extensively applied to explore mechanisms of phase separation, [9] [10] [11] [12] [13] [14] [15] pairing mechanisms, 16 and the electron-phonon coupling [17] [18] [19] [20] [21] in superconductors by monitoring the QP dynamics; the experimental results are conventionally connected to microscopic processes by application of a phenomenological model proposed by Rothwarf and Taylor (i.e., the RT model). 15, 22, 23 Conventionally, a pump-probe experiment on superconductors uses a pump pulse that breaks Cooper pairs and excites QPs to high-energy states, while the second or probe pulse monitors recombination/relaxation processes of the photo-excited QPs. 24 Towards this implementation, there are a number of challenges to overcome. For example, in the previous measurements on optimally doped (OD) YBa 2 Cu 3 O 7Àd (YBCO) samples, the observed sign of timeresolved differential reflectivity (DR=R) was reported to be either positive or negative. 9, 11, 25, 26 This fundamental discrepancy was attributed to the dependence of DR=R on several factors including laser power, 15, 23 wavelength, 25, 27 polarization, 25, 28 and repetition rate. 24, 29 Furthermore, in a recent effort to uncover the transient optical signatures of the pseudogap (PG) phase, [11] [12] [13] [14] 28, [30] [31] [32] and elucidate a possible relationship between the PG state and the SC state in OD YBCO, 31, 32 the PG phase was either identified as a weak transient feature 11, 30 or found to be completely absent from the spectra. 9, 19, 25, 26 Here, we report on a complementary procedure to obtain the definitive ultrafast optical signatures of phase separation from time-resolved DR=R in high quality OD YBCO thin films. Temperature-dependent DR=R recorded under highfluence excitation has revealed the characteristic transient features of the SC and PG phases. Specifically, the timeresolved DR=R at temperature below transition temperature (T SC ) exhibits an increase of reflectivity rapidly recovered within a few picoseconds entangled with a longer time reflectivity decrease caused by QP interactions with thermal excitations. After removing the slow relaxation component associated with the thermal bath, the rescaled data demonstrate abrupt changes in dynamics at specific temperatures revealing the onsets of the SC and PG phases and thus providing clear signatures of the phase transformation in ultrafast time scale. Furthermore, the analysis yields excellent agreement with the previously reported data 15, 32 based on the conventional RT model. 22 
II. EXPERIMENTS
The nearly OD YBCO thin film sample with a thickness of 48 unit cells is grown on an atomically flat single crystal SrTiO 3 (001) substrate in the layer-by-layer fashion by laser MBE. 33, 34 The temperature-dependent resistance of the sample is shown in Fig. 1 . As clearly seen, the sharp transition temperature to superconducting phase is $93 K, which indicates the high quality of the sample. In addition, the transition temperature (T PG ) for the pseudogap phase at around 152 K, where the resistance deviates from the linear regime, testifies for the optimal hole doping typical of high quality YBCO samples. 35 An 1 kHz Ti:sapphire regenerative amplifier (Libra, Coherent, Inc.) operating at 800 nm with a temporal duration of $90 fs is used for the experiment. The pump beam is focused to the sample with a spot diameter of $1 mm and the probe spot diameter is $0.2 mm. The pump and probe beams are configured to have cross polarizations with intensity ratio of $50:1. The signal of reflectivity change is recorded by a balanced detector and then analyzed by a lock-in amplifier. A liquid helium cryostat (MicroCryostatHe, Oxford) with a silica optical window is used to perform the temperature-dependent measurements.
III. RESULTS AND DISCUSSIONS
Time-resolved DR=R measured in the SC phase is sensitive to the excitation power in a low-fluence regime. 15 Upon increasing the excitation value above the critical threshold U 0 , the maximum value of reflectivity change tends to saturate since no more Cooper pairs can be destroyed. To eliminate the effect due to laser power dependence, we keep the pump beam in a high-fluence regime with the excitation flux ($0.5 mJ/cm 2 ) set over ten times of the saturation value; in this high-fluence regime, the relaxation lifetime is no longer power-dependent. 15 In addition, we have addressed the issue of the accumulation of laser heating by operating the laser at a low repetition rate of 1 kHz. This mode of operation is in sharp contrast to the previous reports on heating issues with the laser operating at high repetition rate above 1 MHz. Under these stringent conditions, the time-resolved DR=R data provide a reliable dataset to investigate signatures of certain special electronic phases in cuprates.
A typical set of time-domain traces measured at different temperatures are presented in Fig. 2(a) . As one can see that, at low temperatures below T SC , a fast increase of the reflectivity towards positive values is clearly observed, which is followed by a longer recovery crossing the zero time value. With increasing temperature above T SC , the peak becomes markedly weaker and gradually vanishes around 160 K. The slow recovery component recorded at high temperatures above 160 K is associated with the thermal equilibrium bolometric response. 9 Previously, the QP dynamics associated with SC condensate has been a core subject for ultrafast studies on cuprates. In connection to this, the RT model was developed and widely accepted to interpret the transient optical data in the 
As seen in Fig. 2 (a) (the black curves), all the high temperature data above 160 K can be well reproduced by gðtÞ with fixed parameters of s 0 $ 1:4 ps, s 1 $ 10:8 ps, s 2 $ 126:2 ps, g 1 $ 1:66, and g 2 $ 2:66 and a single fitting parameter. We can then exclude the component of thermal equilibrium to extract the QP dynamics at the low temperature. In turn, the parameter C is determined by fitting the time-dependent traces at long time (e.g., t > 30 ps) with the function GðtÞ since the dynamical feature for the annihilation and recombination of Cooper pairs is in a shorter temporal scale.
To test the validity of this complimentary procedure, we apply the conventional RT model to simulate the rescaled data. In the high-fluence regime, the model can be described by the set of the time-dependent RT equations (RTEs) as 15, 22 dnðtÞ=dt ¼ I QP ðtÞ þ 2cPðtÞ À bn 2 ðtÞ;
the density of photo-excited QPs (nðtÞ) coupled to boson modes (e.g., phonons) and PðtÞbeing the density of gap-energy phonons. The photo-injected QPs and phonons are represented by the terms of I QP ðtÞ and I ph ðtÞ with Gaussian temporal profiles, respectively. The processes of Cooper pair annihilation due to phonon absorption and recombination of QPs to form Cooper pairs with phonon emission are given by the terms of cPðtÞ and bn 2 ðtÞ, respectively. The escape of gap-energy phonons is the term of c esc ðtÞðPðtÞ À P T Þ, with P T being the thermal phonon density. DR=R is assumed to be proportional to the solution of nðtÞ. As clearly seen in Fig. 2(b Fig. 2(c) , showing a minimum gap of 60%, which recovers in a temporal scale of $2 ps (>85%). This fact seems to be in contrast to the intuitive expectation that the gap is fully closed with such intense pulse excitation which can also be described by the time-independent RT model. 15 Nevertheless, as recently pointed out by Coslovich et al., the extremely slow decay predicted by the time-independent model is incompatible with the experimental results. 15 With incident fluence above the saturation value, the finite nonzero gap [ Fig. 2(c) ] is likely to be the underlying physics for the obtained experimental data. 15 Probably, the excess absorbed energy excites the QPs (broken pairs) to higher energy levels rather than breaks more pairs, which probably leads to the pronounced thermal component with an increased incident fluence since more phonons are activated due to the electron-phonon interaction. From the bolometric response curve measured above 170 K, the relaxation lifetime due to the electron-phonon interaction is $0.8 ps. By following the two-temperature model, 21, 36 we evaluated the strength of electron-phonon interaction to be $367 meV 2 in terms of khx 2 i. This value is close to the results obtained in previous studies under relatively weak excitation. 21 In La 2Àx Sr x CuO 4 , it was reported that superconducting vaporization causes a divergence of the dynamic curves from the superconducting feature with an extra fast component when the pulse excitation is saturated. 16 Nevertheless, in some other cuprates like Bi2212 and YBCO, 15, 23, 37 the experiments with excitation power much higher than the saturation value can still produce reliable information about the superconducting phase. The transient optical data are associated with the SC condensate, if the Cooper pairs recover in a temporal scale shorter than the pulse separation. In this study, except with a slight increase of thermal component, the time constant of the dynamic curve remains to be nearly unchanged with increasing excitation flux from 0.05 mJ/cm 2 to 0.6 mJ/cm 2 . The rescaled data shown in Fig. 2(b) describe the QP dynamics associated with the SC phase (distinct from the normal state) very well.
After subtracting the thermal component, we then analyze the temperature dependence of the rescaled data to investigate the presence of optical signatures for the SC and PG phases in OD YBCO [see Fig. 3(a) ]. Remarkably, all the treated traces fall into three distinct regimes: (i) when T > 160 K, the thermal equilibrium strongly dominates the transient optical response, (ii) below T SC , the data show a very rapid positive reflectivity change followed by a slow exponential recovery, and (iii) in the intermediate temperature regime of T SC < T < T PG , the negative reflectivity change is progressively weakened. These distinct features can be associated with the known phase separation regimes of YBCO. To quantify the abrupt changes, in Fig. 3(b) we plot the maximum DR/R values as a function of temperature. By comparing to the transport data shown in Fig. 1 , in traversing T ¼ 93 K, we observe a four-fold increase in DR/R, which is a clear optical signature of developing the SC phase transition. The second jump occurs at around $160 K, which is remarkably close to the onset of T PG derived from the transport measurement (152 K). In comparison to the SC phase, this regime is characterized by a weaker reflectivity change and faster recovery time. In analogy to the SC gap, we fit the rescaled data in PG phase with the RT model as shown in the inset of Fig. 2(c) Á with a temperature-dependent superconducting gap (D SC ). 27 As shown in Fig. 3(b) , the rescaled experimental data are in good agreement with the theoretical models, indicating the validity of the rescaling procedure.
For almost three decades, YBCO has been a model high T SC superconductor for ultrafast optical studies, where the PG phase is clearly observed in under-doped samples. 31, 32 However, for OD YBCO samples, which is the subject of this study, the PG feature was either unobserved 9, 19, 25, 26 or, in a very few cases, 11, 30 reported as a weak transient clue of the pseudogap. To explain those earlier results, we note that, apart from the quality of the samples, the relatively weak laser excitation could be another important factor. Specifically, with an increase in the excitation flux, the SC condensate response increases more rapidly and saturates at substantially lower power than in the PG phase. 13 In previous studies of OD cuprates, the excitation pulse energy was kept at very low levels. Under such weak excitation, the response of PG is not clearly resolvable since it is strongly convoluted with the bolometric reflectivity change showing in the opposite direction. In contrast, the intense pulses combined with the low repetition rate used in this study are clearly superior for revealing the strong response in the PG regime. While the origin of such PG phase in cuprates is still under active debate, [38] [39] [40] recently the incoherent pair formation has been identified in PG phase. 41 By virtue of the same observation, we conjecture that perhaps similar to the saturated response of the SC phase, the pulse energy in a highflux regime (>10U 0 ) seems sufficient to break the majority of incoherent pairs in the PG phase.
IV. CONCLUSIONS
In summary, we have performed an ultrafast optical study on the nearly OD YBCO thin films with excitation power in the high-flux regime. We observed unambiguous ultrafast optical signatures of the PG and SC phases in the rescaled traces with eliminated bolometric response. In comparison to the SC phase, PG is characterized by less pronounced change in reflectivity but with a much faster recovery time. The obtained optical signatures are likely generic for the high T SC cuprate family. The method should be useful for understanding the enigmatic problem of high T SC superconductivity and the role of the PG phase from the dynamics point of view. 
